Introduction
[2] The thermal bipolar seesaw -the cooling of the Northern Hemisphere associated with warming of the Southern Hemisphere -is a typical feature of millennialscale climate variability during the last ice age [e.g., Mix et al., 1986; Crowley, 1992; Stocker, 1998; Rahmstorf, 2002; Stocker and Johnsen, 2003] . It has been suggested that variations in the Atlantic Meridional Overturning Circulation (AMOC), and in the associated heat transport, qualify as the primary driver for such contrasting temperature evolution [e.g., Crowley, 1992; Clark et al., 2002; Rahmstorf, 2002; Stocker and Johnsen, 2003; Stouffer et al., 2006] . The seesaw pattern is clearly expressed in temperature records measured on ice cores from Greenland and Antarctica [e.g., NGRIP Members, 2004; EPICA Community Members, 2006] , as well as in sea surface temperature (SST) records from the extratropical northern and southern Atlantic [de Abreu et al., 2003; Barker et al., 2009] .
[3] In the tropical regions, however, not much is known about the spatial structure of the thermal bipolar seesaw.
Modeling studies suggest that the "zero-anomaly line" between AMOC-induced cooling in the north and warming in the south is located between 10°N and 15°N in the northeastern tropical Atlantic [Stouffer et al., 2006] . Here, we use Mg/Ca based SST records measured on two sediment cores from this region (gravity core GeoB9508-5 from 15°29.9′N, 17°56.88′W, 2,384 m water depth and GeoB9526-5 from 12°26.1′N, 18°03.4′W, 3,231 m water depth) to test the model findings. Today, these core locations are strongly influenced by seasonal changes in the tropical wind field. During boreal summer, the northeast trade winds are weak and the Intertropical Convergence Zone (ITCZ) is at a northern position. The tropical rainbelt delivers precipitation into the Sahel region, initiating increased fluvial discharge into the Atlantic Ocean. During boreal winter, the northeast trades strengthen and the ITCZ and the tropical rainbelt shift towards the equator, accompanied by sea surface cooling and the southward expansion of dry conditions on the West African continent. In the present paper, we suggest that orbital-and cryospheredriven changes in the position of the ITCZ determine the location of the seesaw's zero-anomaly line in the tropical Atlantic during Heinrich stadials.
Material and Methods
[4] The two gravity cores were recovered from the continental slope off West Africa during RV Meteor cruise M65/1 in 2005. For this study, core GeoB9508-5 was sampled between 80 and 950 cm (5 cm spacing), and GeoB9526-5 was sampled between 80 and 1000 cm (5 cm spacing). All samples were wet-sieved through a 63 mm mesh, oven-dried at 50°C and subsequently dry-sieved through 125 mm, 315 mm and 400 mm meshes.
[5] For Mg/Ca based temperature reconstructions, 20 to 25 visually uncontaminated tests of the planktic foraminiferal species G. ruber (pink) were selected from the narrow 315-400 mm size fraction to minimize size-related intra-specific elemental variations [Elderfield et al., 2002] . The tests were cleaned in successive steps following the cleaning protocol of Barker et al. [2003] and analyzed on a Perkin-Elmer Optima 3300R ICP-OES at the Department of Geosciences, University of Bremen. Based on standards and replicate analyses, the mean reproducibility was ±0.012 mmol/mol. Mg/Ca ratios were converted to SST using the Regenberg et al. [2009] species-specific calibration for G. ruber (pink) in the tropical Atlantic based on annual SST (see auxiliary material). [6] In order to establish a continental aridity record for southern West Africa [Mulitza et al., 2008] , we determined Fe/K ratios in the bulk sediment of core GeoB9526-5 (see auxiliary material). Fe/K ratios in the study area are suggested to vary with changes in humidity and monsoonal precipitation [Mulitza et al., 2008] , since Fe/K values of atmospheric dust samples increase from the Sahel-Saharan region to the tropics [Stuut et al., 2005] . Increasing amounts of dust derived from deeply weathered terrains [Moreno et al., 2006] cause an increase of Fe/K ratios towards the tropics, because of its relatively high concentration of iron in comparison to more mobile potassium [Mulitza et al., 2008] . In addition, Fe/K values of fluvial sediments are higher than those of eolian sediments [Stuut et al., 2005; Mulitza et al., 2008] . Highest water discharge, and therefore highest sedimentary load of the rivers, occurs during rainy seasons [e.g., Lesack et al., 1984] . The elemental intensities of Fe and K were measured with an AVAATECH X-ray fluorescence (XRF) scanner at scanning steps of 1 cm, using a generator setting of 10 kV and 0.3 mA and a detection time of 30 seconds. Fe/K ratios for the upper 365 cm of core GeoB9526-5 are already given by Zarriess and Mackensen [2010] .
[7] The age model for core GeoB9508-5 is based on 12 accelerator mass spectrometry (AMS) radiocarbon dates on planktic foraminifera and correlation of the benthic d
18
O record with core MD95-2042 [Shackleton et al., 2004; Mulitza et al., 2008] . For core GeoB9526-5, we established an age model based on 7 AMS radiocarbon dates ( Figure 1 ) [Zarriess and Mackensen, 2010] , which were determined on mixed planktic foraminifera (>125 mm) at the Leibniz-Laboratory for Radiometric Dating and Stable Isotope Research, Kiel, Germany [Nadeau et al., 1997] (see auxiliary material). The conventional radiocarbon ages were corrected for a reservoir effect of 400 years and converted to calendar ages using the "Fairbanks0107" calibration curve [Fairbanks et al., 2005] .
[8] To extend the age model for core GeoB9526-5 beyond the range of radiocarbon dating, we determined the stable oxygen isotopic composition of the epibenthic foraminifer Cibicidoides wuellerstorfi (see auxiliary material). Two to five specimens (>125 mm) were measured on a Finnigan MAT 251 isotope ratio mass spectrometer coupled to an automatic carbonate preparation device (Kiel II). All oxygen isotope values are given in d notation versus Vienna Pee Dee belemnite standard (VPDB). The external reproducibility is better than ±0.08‰. The GeoB9526-5 benthic d
18 O record was correlated with the benthic d 18 O records of GeoB9508-5 [Mulitza et al., 2008] and MD95-2042 [Shackleton et al., 2004] by means of AnalySeries 1.1.1 (D. Paillard et al., Analyseries. Computer program for graphical correlation on a Macintosh, edited, 1992), resulting in seven additional age tie points (Figure 1 ). Sedimentation rates in core GeoB9526-5 vary between 7.7 cm kyr −1 and 29 cm kyr −1 (see auxiliary material).
Results
[9] The Mg/Ca based SST records from both core locations, GeoB9508-5 at 15°N and GeoB9526-5 at 12°N, reveal pronounced millennial-scale variability mainly associated with AMOC slowdown during North Atlantic Heinrich stadials (H6-H1) (Figures 1c and 1e ). During H6, SST at the southern core GeoB9526-5 (12°N) increased by ∼1°C (no data are available for core GeoB9508-5 at 15°N).
During the cold stadial recorded in Greenland ice cores between Dansgaard-Oeschger warm events 14 and 15 (54-56 kyr BP; H5/6 in Figure 1) , warming occurred at 12°N as well as at 15°N. During H5, H4 and H3, the paleotemperature records from 12°N and 15°N display opposing SST anomalies; warming at the southern core location (GeoB9526-5) was accompanied by cooling at the northern core location (GeoB9508-5). Heinrich stadials H2 and H1, however, were characterized by a moderate cooling at both core locations (12°N and 15°N) (Figures 1c and 1e) .
[10] Fe/K ratios at site GeoB9526-5 (12°N) also exhibit millennial-scale variations coinciding with Heinrich stadials (Figure 1f) . Times of AMOC weakening (H6-H1) are generally characterized by low Fe/K ratios, indicative of dry conditions over southern West Africa [cf. Mulitza et al., 2008] . This distinct short-term variability overlies a longterm increase in Fe/K ratios between Marine Isotope Stage (MIS) 4 and early MIS 3 (72-53 kyr BP) and a long-term decrease in Fe/K ratios between early MIS 3 and MIS 2 (53-20 kyr BP; Figure 1f ).
Discussion

Physics of the Tropical Seesaw
[11] Weakening of the AMOC increases the heat content of the tropical Atlantic (20°S-20°N) due to reduced import of relatively cold-water from the south and reduced warmwater export to the north [Chiang et al., 2008] . This pattern is replicated by climate models, which show a widespread warming of the tropical Atlantic down to >1000 m depth in response to AMOC slowdown except for a thin surface layer in the tropical North Atlantic which exhibits cold temperature anomalies [e.g., Stouffer et al., 2006; Stocker et al., 2007; Zhang, 2007] . Analysis of the surface heat budget in freshwater hosing experiments reveal that the surface cooling in the tropical North Atlantic is predominantly caused by enhanced evaporative latent heat fluxes [Zhang, 2007; Chiang et al., 2008] . These anomalous evaporative fluxes result from strengthened northeasterly trade winds, while the southeasterly trades weaken due to an overall northerly wind anomaly over the tropical Atlantic [Timmermann et al., 2007; Chiang et al., 2008] .
[12] Our own analysis of a freshwater hosing experiment with the fully coupled Community Climate System Model (version CCSM2/T31x3a [Prange, 2008] ; a detailed description of the model experiment is given by Mulitza et al. [2008] ) reveals that annual-mean surface latent heat flux anomalies exceed 12 W/m 2 off the coast of West Africa at the locations of GeoB9508-5 and GeoB9526-5 in response to a slowdown of the AMOC from ∼12 Sv to ∼2 Sv (not shown). By contrast, anomalies of sensible heat fluxes are well below 2.5 W/m 2 in that region, while the anomaly of net radiative (shortwave plus longwave) flux into the ocean is slightly positive (<3 W/m 2 ), mainly due to reduced cloudiness. Likewise, anomalies of vertical advective heat fluxes due to changes in large-scale Ekman divergence are negligible in the region of core sites GeoB9508-5 and GeoB9526-5 (note, however, that coastal upwelling cannot be resolved in a coarse-resolution global model like CCSM2/T31x3a).
[13] Obviously, the evaporative cooling in the tropical North Atlantic through strengthened northeasterly trade winds is closely linked to the position of the Atlantic ITCZ. A more southward position of the ITCZ increases the area of northeasterly trade wind dominance over the tropical Atlantic, giving rise to a larger area of evaporative cooling upon AMOC slowdown. By contrast, a more northern position of the Atlantic ITCZ enhances the influence of the southeasterly trades that are weakened rather than strengthened in response to AMOC slowing. This is best illustrated by comparing the tropical wind-field response of summer with that of winter, i.e., when the Atlantic ITCZ is located at an extremely northern (boreal summer) and southern (boreal winter) position (Figures 2a and 2b) . Figure 2 shows the results from our CCSM2/T31x3a water-hosing experiment. [Kalnay et al., 1996] . The position of the Atlantic ITCZ (cyan line; represented by the zero-isoline of meridional wind velocity) and the core locations (red dot: GeoB9526-5; blue dot: GeoB9508-5) are highlighted. Climatic response to a substantial AMOC weakening as simulated in our freshwater-hosing experiment: (c) summer (July-September) and (d) winter (January-March) mean wind speed anomalies, (e) summer and (f) winter mean latent heat flux anomalies along with surface temperature zero-anomaly lines. All anomalies were calculated as differences of long-term (100 years) averaged fields between the water-hosing experiment and the control run.
In summer, when the Atlantic ITCZ is located at its northernmost position (Figure 2a) , the northerly surface wind anomaly that is induced by AMOC slowdown decelerates the climatological southeasterlies south of the latitude of Cape Verde. Consequently, surface wind speeds and hence latent heat fluxes are reduced in the North Atlantic south of ∼10°N and the SST zero-anomaly line migrates northward (Figures 2c and 2e) . In boreal winter, when the ITCZ reaches its southernmost position (Figure 2b) , amplified northeast trades cause enhanced evaporative cooling in the eastern tropical Atlantic between 20°N and the equator (Figures 2d and 2f) . As a result, the SST zero-anomaly line migrates towards the equator (Figure 2f ).
A Conceptual Model for the Southward Migration of the Seesaw's Fulcrum
[14] Based on the results from the previous section, we suggest that the change in the position of the SST zeroanomaly line during Heinrich stadials through MIS4-MIS2 indicated by our Mg/Ca SST records was linked to the latitudinal position of the Atlantic ITCZ. While we surmise that in boreal winter, the ITCZ was always sufficiently far south, such that enhanced wind speeds of intensified northeast trades during Heinrich stadials resulted in evaporative heat loss at both core sites, we assume that it was the summer position of the ITCZ which was crucial for the pattern of the tropical SST seesaw.
[15] Around H5/6 (54-56 kyr BP; Figure 1 ), the (summer) ITCZ was located at a northern position, such that both core sites experienced SST warming during AMOC slowdown. A southward migration of the ITCZ during MIS3 gave rise to the anticorrelated SST changes found for H3-H5 (Figures 1c  and 1e ). During MIS2 the ITCZ was located at an extremely southern position such that both core sites experienced anomalous evaporative cooling due to intensified northeasterly trade winds during H2 and H1. In addition to evaporative heat fluxes enhanced coastal upwelling might have contributed to the H2 and H1 coolings at core site GeoB9526-5, when the global sea level was some 110 m lower than today [e.g., Arz et al., 2007] and hence GeoB9526-5 was closer to the shoreline.
[16] The postulated long-term behaviour of the ITCZ on orbital timescales is corroborated by the Fe/K record (Figure 1f) , which is indicative of continental rainfall. As precipitation over West Africa is linked to the position of the ITCZ, both the millennial-scale reduction in rainfall during Heinrich stadials [e.g., Mulitza et al., 2008] and the orbital-scale long-term trends in the Fe/K records can be interpreted in terms of meridional movements of the ITCZ.
[17] We propose that the long-term movement of the ITCZ is primarily driven by two factors: (i) the meridional temperature gradient within the realm of the Hadley cell, and (ii) the expansion of Northern Hemisphere glaciation [Flohn, 1981; Chiang and Bitz, 2005] . As a driver for the first factor we suggest the summer insolation difference between 30°N and 30°S (Figure 1d ), while the benthic oxygen isotope records (Figure 1a) are strongly related to glaciation in northern latitudes. Accordingly, the long-term trends of the Fe/K record (Figure 1f ) are largely parallel to the benthic isotope records (Figure 1a ) and the insolation curve (Figure 1d ).
Caveat: Magnitude of AMOC Slowdown
[18] The conceptual model proposed in the previous section combines physically consistent processes with the paleorecord of West African rainfall that is associated with the position of the ITCZ. It does not exclude, however, that other mechanisms might have been responsible for the southward movement of the seesaw's zero-anomaly line. An obvious hypothesis might be that the magnitude of AMOC slowdown (associated with the magnitude of North Atlantic meltwater input and/or the stability properties of the AMOC) affected the position of the fulcrum. Some water-hosing model studies indeed suggest that the zero-anomaly line in the northeastern tropical Atlantic moves southward with increasing meltwater input [Otto-Bliesner and Brady, 2010] . Hence, different magnitudes of AMOC slowdown during Heinrich stadials cannot be ruled out as a potential cause for the different locations of the seesaw's fulcrum. However, the gradual southward movement of the fulcrum from MIS4 to MIS2 would imply a gradual increase in the magnitude of AMOC slowdown from H6 to H1, for which there is no paleoceanographic evidence. Applying appropriate boundary conditions for MIS4 and MIS3, climate modelling of different Heinrich events is urgently needed to disentangle the different effects of orbital forcing, cryosphere expansion and meltwater forcing upon the bipolar seesaw.
Conclusions
[19] Two records of SST (derived from Mg/Ca of G. ruber pink) from the West African margin at 15°N (GeoB9508-5) and 12°N (GeoB9526-5) during MIS 2-4 reveal variations in the latitudinal position of the bipolar seesaw's zero-anomaly, which separates Northern Hemisphere cooling from Southern Hemisphere warming. During H1 and H2, cooling at both core locations suggests a position of the zero-anomaly line south of 12°N. During H3 to H5, warming at the southern core location associated with cooling at the northern core location hints to a position of the zero-anomaly line between 12°N and 15°N. During subordinated cold stadial H5/6, warming at 12°N as well as 15°N indicates a position of the zero-anomaly line north of 15°N. We propose a conceptual model in which the observed modifications of the tropical seesaw SST pattern were driven by a long-term movement of the ITCZ summer position, which also affected rainfall over West Africa. We propose that the seesaw's zeroanomaly line is ultimately controlled by the interplay between orbital-driven changes in the tropical meridional temperature gradient and the expansion of Northern Hemisphere glaciation.
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